INTRODUCTION
The gyrotron is one of the most powerful and efficient sources of millimeter and submillimeter radiation. 1, 2 It is a fast-wave variation of cyclotron resonance masers-vacuum electronic sources of coherent electromagnetic wave radiation based on resonance interaction of electrons, rotating in external magnetic field with electromagnetic waves. For the gyrotron, the cyclotron resonance condition between one of the modes in a cylindrical cavity with operating frequency ω and one of the harmonics of electron cyclotron frequency ωH is given by
where n is the harmonic number. The increase in the harmonic can significantly simplify and reduce the cost of the magnetic system or allow increasing the generation frequency by a factor of n, which is very important for advancing to the terahertz range. [3] [4] [5] However, operation at high cyclotron harmonics complicates the problem of mode competition, especially with modes at the fundamental. In this case, additional methods of mode selection are required for efficient single-frequency generation.
Since the invention of gyrotrons, a considerable number of different selection methods with various advantages and disadvantages has been proposed. [6] [7] [8] [9] The so-called electronic selection methods, used in large orbit gyrotrons and multi-beam gyrotrons, require substantial complication of the gyrotron electron-optical systems. Electrodynamic methods, such as using multi-mirror or step cavities, require high precision of manufacturing and alignment.
In this paper, we consider a relatively simple method of mode selection by the implementation of a selective delayed feedback into the system. Investigation of the reflection effect on gyrotron operation has been made earlier. [10] [11] [12] [13] [14] [15] [16] [17] [18] In previous works, sources with delayed feedback were used for research of various self-modulation and stochastic regimes. 11, 15 Some articles were devoted to the stabilization of the radiation frequency and the control of the parameters of such systems. 10, [12] [13] [14] [16] [17] [18] In this work, the possibility of efficient generation of the mode at the third cyclotron harmonic by the introduction of selective reflection is theoretically and experimentally demonstrated. For experimental verification of this approach, the reflection of the output signal into the system is introduced by variation in the thickness of the output window.
GYROTRON SETUP AND MAIN PRINCIPLES
The experiment on the excitation of the mode at the third harmonic of the gyrofrequency with the use of reflections was made using the gyrotron complex for technological applications in IAP RAS. 19 The gyrotron can produce output power up to 15 kW at a The spectrum of modes near the operating mode TE 0,3 at the third cyclotron harmonic. Gm,p is the coupling factor of an electron beam to the field of a cylindrical resonator, which depends on the mode and radius of the electron beam (e.g., Ref. 21) . f c is the cutoff frequency of a given mode. frequency of 28 GHz at TE 0,2 mode at the second harmonic of the gyrofrequency. It has an oil-cooled magnet system with the level of the magnetic field in the gyrotron cavity of about 0.5 T and operates at a typical accelerating voltage and beam current of 20-24 kV and 0.5-2.4 A, respectively. The output window is a boron-nitride disk with thickness d = 2.61 mm optimized for the TE 0,2 mode. The experimental power was measured using a water calorimeter with precision of about 50 W, and the spectrum of the output radiation was measured using a Keysight n9010a spectrum analyzer and a Keysight DSAZ594A oscilloscope. As a result of the analysis of the mode spectrum of this gyrotron ( Fig. 1 ), it was proposed to excite the TE 0,3 mode with generation frequency about 40.5 GHz at the third harmonic of the gyrofrequency. The main competitors are the TE 2,1 mode at the fundamental harmonic and the TE 2,2 mode at the second harmonic with frequencies about 14.1 GHz (fc ≈ 12.2 GHz) and 26.9 GHz, respectively. Due to the introduction of the selective reflection into the system, the total Q-factor of the complex electrodynamic system, including gyrotron cavity and output waveguide up to the reflector, can be increased for a certain mode, leading to a decrease in the starting current. 20 In this experiment, the reflections can be introduced by a nonmatched output window. The gyrotron does not have a built-in quasi-optical converter, which makes it the perfect system to investigate the influence of delayed feedback, since the reflected signal is injected to the gyrotron cavity with a correct rotation. The reflection coefficient can be changed by variation in the window thickness using an additional boron-nitride disks that are tightly pressed to the existing window of the gyrotron by thin Teflon tube (the scheme of the experiment is presented in Fig. 2 ). In order to ensure selectivity, the thickness of additional disk should be selected in such way that it provides noticeable reflection for the desired operating mode, while the reflection of competitors should be as low as possible. Due to the relatively low frequency of the tube used in the experiment, the gap between two disks (about 0.1 mm) is significantly less than a wavelength of all operating modes (several mm); therefore, it practically does not affect the operation of the gyrotron.
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OPTIMIZATION OF THE THICKNESS OF THE OUTPUT WINDOW
The experiment was planned to be performed in the following two stages:
1. Optimization and manufacturing of the first additional disk (disk No. 1), which ensures the minimum reflections of all modes in order to verify the estimates for the starting currents and demonstrate the impossibility of excitation the TE 0,3 mode at the third harmonic in the gyrotron without feedback. 2. Optimization and manufacturing of the second additional disk (disk No. 2), which on the one hand would provide a small reflection coefficient for modes operating at the fundamental and the second harmonics of the gyrofrequency and on the other hand would have a high reflection coefficient for the TE 0,3 mode. Thus, it would increase diffraction Q-factor of the selected operation mode and, therefore, reduce its starting current.
The thicknesses of the additional disks were optimized within the approximation of geometric optics. Corresponding to Ref. 22 at the thickness of a single-disk window d with dielectric permittivity ε, the reflection coefficient of power from the window is determined by the formula
Here χ = ( ω c )d √ ε − sin 2 ΘB, γ = (ε − sin 2 ΘB)/(cos 2 ΘB), ΘB is the Brillouin angle of the wave incident on the reflector (Fig. 3) .
As a result, the two disk thicknesses were selected: d 1 = 2.72 mm (disk No. 1), which corresponds to the minimum reflection of TE 2,1 , TE 2,2 , TE 0,2 , and TE 0,3 modes, and d 2 = 2.21 mm (disk No. 2). In the case of the second disk, about 55% of the power is reflected back for the desired operating mode, for parasitic modes at the second harmonic |R| 2 does not exceed 45%, and for the most dangerous mode at the fundamental harmonic, the reflection coefficient is less than 20%. It should be noted that the most optimal thickness of disk No. 2 for mode selection would be the value at which the reflection mode at the fundamental and second harmonic is close to zero. However, the analysis showed that this requires a disk thickness of more than 7 mm. In such case, thermal load in the disk is significant and installation of an additional cooling system becomes necessary.
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SELF-CONSISTENT NUMERICAL SIMULATION
There are several approaches to simulate the influence of reflection of a signal from a load. One way is to solve a non-stationary system of equations with delayed feedback. However, this method is mainly used for the simulation of multi-mode interaction in gyrotrons with dense mode spectrum (see, e.g., Refs. 16 and 17). In our case, in order to estimate the output efficiency and the boundaries of the generation zone, a single-mode model is sufficient due to the small number of competitors. The reflection from the output window was modeled by introducing an "annular iris" in the output part of the cavity with reflection coefficient equal to one of an output window with an additional disk. Previously, such model was successfully applied to solve a similar problem of determining the conditions for excitation of modes at high frequency harmonics in gyrotrons of a different range. 23 A self-consistent system of equations taking into account ohmic losses and the relative spread of transverse velocities in the electron beam was used for the description of the electron-wave interaction in the gyrotron. 21, 24 The pitch factor (ratio of rotational and axial velocities of the electrons) was estimated as 1.8, the relative spread of transverse velocities as 20%, and the accelerating voltage was 20 kV.
The calculation results of the starting current Ist of the desired and main competing modes without reflection are shown in Fig. 4(a) . As can be seen, there is a relatively small region of mode generation at the third cyclotron harmonic. Since the values of the beam parameters taken for calculation may differ slightly in reality, such a zone may not exist. Figure 4(b) shows the dependences of starting currents for these modes, including the implementation of reflection with coefficients coexisting to disc No. 2. In this case, the generation zone of the TE 0,3 mode expands significantly, allowing hopes for generations with high levels of efficiency and power. It was decided to investigate the range of operating currents from 0.5 A to 2 A, which, on the one hand, made it possible to demonstrate the possibility of mode selection at the third harmonic of the gyrofrequency in a wide range of parameters and, on the other hand, the possibility to achieve a kilowatt level of output power at the third harmonic.
The results of theoretical calculations of gyrotron output power at the third harmonic for these currents are presented in Fig. 6 by dashed lines, and further comparison with experimental results will be given below.
EXPERIMENTAL RESULTS
In the first part of the experiment, disk No. 1 was used. At the current of 0.5 A, no generation of any frequency was observed in the selected region of magnetic field corresponding to the minimum of the starting current for the mode at the third harmonic. With a smooth increase in the current, the gyrotron began to generate the TE 2,1 mode at the fundamental cyclotron harmonic. This generally corresponds to the results of the calculation of the starting currents given above.
In the experiment with disk No. 2, it was possible to obtain a stable single-mode generation at the third cyclotron harmonic (Fig. 5 ). The output power was increasing with a decrease in the magnetic field, but at some point, the oscillations of the TE 0.3 mode at the third harmonic were disrupted and the mode at the fundamental harmonic was excited. This effect could be seen both on the spectral analyzer readings and by a sharp change in the output power in the calorimeter.
The generation zones of the TE 0,3 mode at the third cyclotron harmonic were measured for different values of the beam current ( Fig. 6, solid lines) . In the experiment, from a certain value of the beam current, the maximum efficiency almost stopped growing, that is, a region of the point with the best efficiency was reached. As a result, the maximum power was 3 kW with an efficiency of 8%, which according to the data available to the authors is a record value for gyrotrons operating at the third cyclotron harmonic in a continuous wave regime. 2 The experimental results are consistent with the calculation results ( Fig. 6 ). As can be seen from the figure, they are in good condition. In this case, the excitation of the operating mode also occurred in the region where the starting current of the mode at the first cyclotron harmonic was exceeded. For a more detailed analysis of the experimental results, a simulation should be made with more complicated models involving nonstationary multimode interaction. In this case, the corresponding reflection coefficient from the output window for each mode has to be taken into account in order to model the regimes of mode competition. Such calculations will be performed.
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DISCUSSION
The implementation of reflection of the output signal by variation in the thickness of the output window is a simple approach, which gave a positive result. The use of specially designed selective reflectors would allow not only to decrease the starting currents but also to achieve effective mode selection in the dense mode spectrum. This approach is especially interesting for the development of gyrotrons of other frequency ranges. For example, operation in W-band at the third cyclotron harmonic allows the use of water-or oil-cooled magnet systems which can significantly simplify and cheaper the whole gyrotron facility. Meanwhile, operating at the fundamental cyclotron harmonic within this frequency band requires the use of superconducting magnetic systems. Today, the
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scitation.org/journal/rsi development of cooled magnetic systems with high magnetic fields is under way. 25, 26 This type of gyrotron can be used for numerous applications, including high-temperature processing of materials, ECR-sources of multicharged ions, CVD-technologies. [27] [28] [29] 
CONCLUSION
The implementation of a reflector into the gyrotron system can ensure the operation at high cyclotron harmonics with a high level of efficiency. Record values of efficiency and power were obtained due to the introduction of the reflection into the system by changing the thickness of the output window. The 3 kW of output power with an efficiency of 8% at a frequency of 40.5 GHz was achieved in a CW gyrotron with an oil-cooled magnet. Such an approach of mode selection by the introduction of reflections from an output window can be successfully applied in the gyrotrons of different frequency ranges. In the future, it will be possible to develop gyrotrons with a specially selected output window thickness to provide the desired level of reflection of the operating and spurious modes.
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